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Introduction

Pressurised mechanical disc refining
The mechanical disc refining of wood fibres at different pressures has been the subject of research for many years, but this has primarily focused on the panel products industry and the effect of the refiner pressures on the final board quality (Snell et al., 2001; Krug and Kehr, 2001; Kelley et al., 2005; Xing et al., 2006; Källbom, et al., 2014; Ormondroyd et al., 2016) . Krug and Kehr (2001) suggested that increasing the steam pressure results in shorter fibre lengths and lower strength and elastic properties while improving long term swelling properties of the resulting boards. Roffael et al. (2001) found that high pulping temperature results in lower thickness swelling and water absorption with MDF panels. Xing et al. (2006) noted that the refining of juvenile tops of black spruce (Picea mariana) at different pressures had considerable effect on the modulus of elasticity, water absorption, thickness swelling and linear expansion of boards made from this wood. They also found that the interaction between steam pressure and retention time was significant for modulus of rupture. Ormondroyd et al. (2016) assessed the use of changing refiner pressures to tune the surface energy of the refined fibre, which in turn could allow an improvement in the compatibility of the fibre to different resin types.
In addition to the production of wood fibre for MDF manufacture, there is increasing recognition that the technology has other potential applications, for instance in the pretreatment of lignocellulosic biomass for the production of advanced biofuels. A range of biomass pre-treatments have been developed to deconstruct the polymers (C6 and C5) in lignocellulosic materials, for conversion into fermentable sugars (Kumar et al., 2009 ).
There are limitations to some of these techniques, including the high energy demands required to achieve cell wall disruption and the formation of chemical species that inhibit yeast growth (Jonsson and Martin, 2016) , and which can reduce conversion efficiencies of the downstream fermentation process. Optimizing pre-treatment is therefore a key step in the commercial viability of many biotransformation processes and remains a challenge in the production of advanced biofuels. Continuous pressurised refining offers an alternative to more conventional pre-treatment technologies and there are reports of the use of this approach in the pre-treatment of both hard and softwood residues (Koo et al., 2011) and straw (Fang et al., 2011) .
Whilst the primary role of changing the refiner pressure is, in the case of panel production, to give the most appropriate fibre architecture, these changes will have an effect on the energy requirements and will therefore affect both the economic and environmental viability of the whole production process.
Life cycle assessment
Life cycle assessment (LCA) is a method by which the environmental impacts of production can be quantified and evaluated. The approach is defined by the ISO 14040 and 14044 standards (International Organization for Standardization, 2006a; 2006b) which set out a four stage process. By defining a production system (in LCA terminology, a system boundary) and then compiling a comprehensive inventory of the mass and energy balances across this system, environmental impact data can be linked to each of the material and energetic flows. This inventory is then converted into an environmental profile using one of a number of established Impact Assessment methods. The resulting output covers a range of eco-indictors, spanning ecosystem quality (e.g. climate change, eutrophication, acidification), human health factors (e.g. particulate matter, photochemical oxidant formation) and resource depletion (water, fossil fuels and metals). This kind of analysis is increasingly important to producers who see consumers and policy makers drive a shift towards more sustainable production and, in particular, a de-carbonisation of production systems.
In terms of wood panel production, LCA has previously been used in studies of MDF (e.g. Rivela et al., 2007 , Werner et al., 2007 , oriented strand board (e.g. Kline et al., 2005) , particleboard (Rivela et al., 2006) and laminated veneer lumber production (Wilson and Dancer, 2004) . Xu et al. (2008) used the approach to assess a composite of wood fibre and polypropylene, demonstrating that the composite performed better than a functionally equivalent product consisting of polypropylene alone. Drawing comparisons of products based on results published across different LCA reports can be challenging though. Studies are typically geographically specific, may use different assessment protocols, and can be based on a variety of sources for secondary data . Environmental Product Declaration (EPD) schemes go some way to addressing this by defining specific product category rules (PCRs) to unify the criteria against which LCA studies are calculated for a given product sector. Using LCA data drawn from the largest of these schemes, Hill (2015) compared greenhouse gas (GHG) emissions and embodied energy associated with a given mass of a range of wood panel products (specifically, fibreboard, particleboard, OSB, Glulam / laminated veneer lumber and solid wood). The analysis showed considerable scatter within the results for each product category but that, overall, fibreboard tended to have the highest results in both impact categories. Further analysis of the impacts associated with fibreboard production is therefore worthwhile.
Considering fibre production specifically, previous LCA research has only been undertaken within a broader analysis of fibre-based panel production, most notably MDF. These studies have shown that wood refining is the most energy intensive step of the process, with fibre production accounting for over half of the total process energy required for board manufacture (Werner et al., 2007) . More specifically, Rivela et al. (2007) demonstrated that their 'wood preparation' stage (consisting of all steps associated with wood chip production and delivery, pressurised refining, resination and drying) accounted for 94% of the fossil fuel requirement and 88% of GHG emissions associated with industrial-scale MDF production. Another study, based on Canadian MDF production (Athena, 2013) broke this down further. Their analysis found that 49.9% of cradle-to-gate GHGs (196 kg CO2 eq. per m³ MDF) were associated with on-site wood preparation (i.e. debarking, chipping, refining, resination and blow-line operation only) and 20.1% (79 kg CO2 eq. per m³ MDF) with drying.
It is therefore clear that fibre production and drying are the most energy and carbon intensive stages of the MDF production process, however little or no published LCA data exists to break this down into the various sub-processes within these two stages. This limits the ability to understand which of these sub-processes are most important in terms of their contribution to the whole, and therefore which represent the environmental hotspots of the fibre production process. Additionally, it hinders accurate modelling of the effects of altering specific refiner parameters (e.g. refiner pressure, plate gap width and configuration, and feed screw settings) using only the existing data.
This study reports data for wood fibre production and the effect that varying the refiner pressure has on the LCA of the overall process. Trials were run at pilot-scale so the results are not directly comparable with those of highly optimised industrial-scale operations, however it remains interesting to understand how specific changes in refining conditions may affect the overall environmental performance of this key process in the MDF production pathway.
The functional unit of this study (i.e. the unit against which the results are calculated and reported) was one kilogram of unresinated wood fibres at 9% moisture content (equivalent to 0.917 kg oven dry weight). This is a typical moisture content for wood fibre used in commercial MDF production and prior to resination. The system boundary was extended back to the 'cradle' to encompass upstream forestry processes, delivery, and preparation of wood chips, though there is also consideration of the shorter gateto-gate system, in terms of assessing the impacts of energy use when converting chips to dried fibre (figure 1).
Materials and methods
Fibre production
A commercial mix of spruce, pine and fir chips was received from Kronospan (Chirk, UK). The chips were in a green state with a moisture content of ~120%. The chips were refined at the BioComposites Centre's Bio-Refining Technology Transfer Centre (Mona, Anglesey, UK). The refining was undertaken with an Andritz Sprout-Bauer 12-in pressurised refiner. The refiner was fed from a hopper, through a plug screw feeder or MSD (modular screw device) that moved the chips from the atmospheric to the desired refining pressure. The chips were then fed into a cooker screw and then into a 60 litre digester. The nominal residence time for the material in the cooker screw and in the digester was 60 seconds. After this, the chips were fed through a screw feed into the refining zone, consisting of two, 12 inch diameter refiner plates, with a parallel bar configuration, where the fibre was formed. The refined fibres were then vented through a blow line into the continuous flash dryer. The air velocity in the flash dryer was approximately 51 m s -1 , and the fibre residence time in the dryer was approximately four seconds, resulting in an end moisture content of 8% -10%.
The refiner pressure in the cooker screw and digester were varied between 6, 8 and 10 bar. The refiner run was started at 6 bar and the system stabilised, fibre was produced and stored before the pressure was raised to 8 bar, the refiner was then allowed to stabilise and fibre was again produced. This was then repeated for the 10 bar run. In each case, fibre was produced under steady state for 20 minutes at each setting and the yield of fibre produced was recorded. All three trials were then repeated under the same conditions using a lower feed screw speed. Finally a 40 minute trial at 8 bar, using a shorter plate gap width (10µm) was performed to give a range of test conditions (table 1) .
Life cycle assessment
Throughout the trials, real-time electricity consumption was recorded for each piece of machinery using hardwired OWL +USB energy monitors and associated data logging devices. After the trials, data was downloaded using the proprietary software (OWL Energy Monitoring Systems) and exported into Excel for analysis. The heat requirement, for steam generation and fibre drying, was calculated theoretically owing to an absence of isolated metering at the gas inlet pipes for these two pieces of machinery. This was achieved based on the specific heat capacities of water and air and an assumed boiler efficiency of 85% (U.S. EPA, 2008). In fact, while the pilot-scale plant used gas for heat generation, industrial-scale panel production typically uses wood fuel (either from waste generated on site or material that is bought in) as the primary fuel for this purpose. Three heat generation scenarios where therefore modelled to reflect a) the actual experimental condition, and b) the conditions more typically employed at an industrial-scale, based on either average or state-of-the-art technology (table 1).
Water was consumed through two processes: as steam for the pressurised cooker function and in a cooling capacity for the refiner plate seals. The quantity required as steam varied with changing refiner pressure, but the seal cooling function used water at a uniform rate, irrespective of refiner conditions or material throughput. The average steam flow rate was therefore recorded directly for each trial to give pressure-specific data for this function. The remaining water (for cooling) was attributed evenly across each trial based on its duration.
Upstream processes were modelled using Ecoinvent v3 LCI data (table 2), accessed via SimaPro v8 software (PRé Consultants B.V., 2014). Data for wood chip production included all upstream forestry operations and was based on softwood forestry with average European production and harvesting techniques. Transportation was modelled to reflect the provenance of the wood used in this trial (in this case, 260 km by rail from forest to manufacturer) since this was not considered to be untypical of European norms. Electricity data was specific to medium voltage UK grid usage.
Material loss during the refining process was assumed to be 1% (Athena, 2013) and this was assumed to be fed back into energy generation. Air emissions were not directly modelled though a small amount of wood dust is thought to escape to air.
Lifecycle inventory data was then analysed using the ReCiPe v1.11 life cycle impact assessment method (Goedkoop et al., 2008) at midpoint indicator level, using the default hierarchist version. The Cumulative Energy Demand method (Frischknecht et al., 2007) was used to provide additional insight into the non-renewable energy demand of the system. Table 2 shows the experimental conditions for each trial alongside the recorded average steam flow rate, total electricity consumption, yield, and electricity use as a function of yield. It can be seen that yields varied from 11.9 -12.2 kg per trial at the higher feed screw setting and from 10.0 -10.2 kg per trial at the lower setting. The yield was highest when refining pressure was 8 bar and the plate gap width was 15µm, although the differences in yield across the three pressure settings were small. The total electricity demand ranged from 68.6 -74.5 kWh per hour and was lowest when operating at low feed screw speed and 10 bar of pressure. Given the higher yields recorded at the higher feed screw setting, electricity consumption expressed as a function of output favoured this condition, with both 8 and 10 bar scenarios consuming 2.0 kWh per kg wood fibre produced (at 6 bar the figure was 2.1 kWh). This is notably and 10 bar (185 -189 L min -1 ) trials, however it varied considerably for the 6 bar trials (87 -146 L min -1 ). This can be explained by the less cohesive nature of the plug that is formed at lower pressures and the irregular flow of the material that ensues. In fact, an earlier trial at 6 bar was abandoned when the lower pressure resulted in a blockage in the blow line. The 6 bar results are therefore included here as a point of comparison. Ormondroyd et al. (2016) showed that the lower the refiner pressure the lower the surface energy of the fibres (which in turn affects the gullibility of the fibre) and the higher the equilibrium moisture content of the fibre. They suggested that this was due to varying stages of lignin movement with the differing refiner pressures.
Results & discussion
A breakdown of electricity consumption (figure 2) shows that the refiner, dryer fan and hot oil boiler were the most significant consumers of electricity in all trial conditions. In the most efficient scenario (trial 2), the refiner accounted for 34% of total electricity consumption, the dryer fan 22% and the hot oil boiler 19%. The air compressor (which operates the valve for the oil pump), extractor fan and hot oil pump also made notable contributions, representing 8%, 7% and 6% of total electricity usage respectively. The steam boiler (3%) and cyclone rotary value (2%) made up the remaining fraction. When considered on a functional basis, i.e. as either refining or drying operations (figure 1), it can be seen that the refining operation accounts for 36% of electrical energy consumption and the drying function 64%. Figure 3 shows the effect of the heat generation scenario on the GHG emissions profile of the overall process energy requirement. It can be seen that GHGs relating to heat generation can vary from 54% of the total (as in the experimental condition, S1) to as low as 6.3% in the more industrially-focused biomass based scenarios (S2 and S3). In practice, S1 is only applicable to the pilot-scale processing facilities used here, so these figures reinforce the position that electricity dominates the process energy GHG burden of industrial-scale operation. However, it can also be seen that wherever biomass is used to generate at least 15% of the heat requirement (as is easily the case in the two industrial scenarios) then electricity usage becomes the most relevant factor in terms of GHG emissions from process energy.
Extending the analysis to include the upstream processes involved in wood chip production (including forestry) and delivery, it can be seen that the electricity demand remains the most significant factor in terms of climate change impact (figure 4). Based on the S3 analysis, electricity makes up 88% of cradle-to-grave GHG emissions, with heat generation and the remaining inputs representing 5.9% each. This implies that producers wishing to reduce their carbon footprints may achieve the best returns by focusing in on the electrical hotspots within the production process, as well as on some ancillary components that may not otherwise been seen as priorities in this regard (e.g. dust extraction, air compression). Electricity used by the refiner, for example, represents 30% of cradle-to-gate GHG emissions, followed by the dryer fan (20%), hot oil burner (16%), air compressor (7%) and extractor fan (6%).
Looking at the full LCA results (table 4) it can be seen that the carbon footprint of the production system varies from 1.5 -2.9 kg CO2e per kg dried fibre at this scale, depending on the heat generation scenario. As expected, this is higher than figures reported for industrial-scale studies, which report figures of 0.64 kg CO2e (Athena, 2013) -1.2 kg CO2e (Werner et al., 2007) per kg finished MDF (assuming a material density of 615 kg m 3 -1 at 8% water content (Rivela et al., 2007) ). This reflects the pilotscale nature of the equipment used here and the optimization that is achievable through scaling up to commercial levels of production. The non-renewable energy consumption varied from 24 -36 MJ kg -1 dried fibre, again depending on the heat scenario. When considered in the whole, the environmental profile shows a pattern that largely mirrors that of the grid electricity generation, reflecting the dominance of electricity as an input in the production process. It should be noted that these figures are particular to UK production, given the UK-specific grid electricity LCI data used in this analysis. The carbon-intensity of grid electricity at a national level varies considerably across the EU and beyond it (e.g. see DEFRA, 2015) , so studies at other national levels should use data particular to their grid.
Conclusion
The yields and total energy consumption recorded during this study are not intended to be competitive with those reported for fully-optimised industrial-scale operations. The equipment used here was a small pilot-scale plant used for research and development scale-up work. However, the data presented in this study provides a more detailed insight into the electrical demands during wood refining than is currently available through the existing LCA data, and over a range of refiner pressures.
Key to establishing the role of electricity in the overall environmental profile of fibre production is an understanding of the heat generation scenario employed. While the pilot plant used 100% gas for this purpose, industrial refiners use either a mix of gas and biomass (typically 38:62) or 100% biomass (in the most modern operations). By modelling each of these scenarios, the results here have reiterated the dominance of electricity in the environmental profile of industrial-scale fibre production.
In the 100% biomass scenario, and at the most efficient operating conditions (8 bar refining pressure; 15µm plate gap width), electricity represented 88% of cradle-to-gate GHGs emissions and was the major contributor to most of the other impact categories (the exceptions being photochemical oxidant formation, agricultural land occupation and water depletion).
At a component level, the analysis has shown that the refiner, dryer fan and hot oil boiler are all key pieces of machinery in terms of electrical energy consumption (representing 74% of usage collectively) and cradle-to-gate GHG emissions (66% of the total collectively). Additionally, it has shown that ancillary processes, such as air compression (8% electricity; 7% GHGs) and dust extraction (7% electricity; 6% GHGs)
should not be overlooked.
Variation in refining pressure resulted in small differences in overall energy consumption at each setting, with 8 and 10 bar refining using a total of 2.0 kWh per kg dried fibre and 6 bar refining using 2.1 kWh. Additional trials may now be beneficial to establish whether this difference is significant or not. At a functional level, the usage broke down as 36% from components involved in the refining process itself and 64% from those involved in drying.
The analysis suggests the manufacturers wishing to improve the environmental performance of their wood fibre production facilities should focus on key electricity consuming components such as the refiner, dryer fan and hot oil boiler, and on other significant ancillary processes such as dust extraction and air compression. These are the components where percentage improvements in energetic performance offer the greatest potential for environmental gain. Table 4 : Cradle-to-gate LCA results for pilot-scale production of 1 kg wood fibre at 8 bar (trial 2 conditions) using ReCiPe and Cumulative Energy Demand mid-point categories and three heat generation scenarios (S1: 100% nat. gas; S2: 38% nat. gas, 62% biomass; S3: 100% biomass) 
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